Introduction {#S0001}
============

Human oral biofilms are communities with complex three-dimensional structures consisting of a broad range of multi-species microorganisms formed on colonizable surfaces \[[@CIT0001]\]. The colonization of biofilm on the oral surfaces has been considered as the leading cause of varies infectious diseases in different fields of dentistry, including cariology, endodontics, and periodontics \[[@CIT0002]\]. Over the past a few decades, many studies have been conducted on combating biofilm development with the goal of controlling pathogenic oral microflora \[[@CIT0003],[@CIT0004]\]. However, biofilms provide protection against antibiotics and the human host-defense system by formation of extracellular matrix as a physical barrier and production of own biofilm enzymes for physiological adaptation, which makes biofilms quite recalcitrant to various conventional antimicrobial therapies \[[@CIT0005]\].

Antibiofilm peptides have recently received a great deal of attention for possible use in a number of therapeutic applications against dental biofilms. Many studies have identified antibiofilm peptides as the potential next-generation alternative to traditional antimicrobial therapy in the oral cavity \[[@CIT0006],[@CIT0007]\]. At the same time, challenges associated with the application of these antibiofilm peptides in dental practice also exist \[[@CIT0008]\]. The current knowledge of peptide design for antibiofilm purposes presents opportunities for future dental treatments that offer promotion of oral health.

This review provides an overview of recent advances describing the antibiofilm properties of synthetic peptides and their application in different fields of dentistry.

Synthesis of antibiofilm peptides {#S0002}
=================================

Natural antimicrobial peptides {#S0002-S2001}
------------------------------

Most living organisms, including the human body, have the ability to synthesize short chains of amino acid monomers to inhibit bacterial infection \[[@CIT0009]\]. These small compounds are recognized as antimicrobial peptides (AMPs) or host-defense peptides (HDPs), which are part of the innate immune system of animals and plants or can be isolated from bacteria and fungi \[[@CIT0010]\]. Nisin is one of the first cationic peptides discovered in 1928 from *Lactobacillus lactis* \[[@CIT0011]\]. Nisin is stable, with high antimicrobial activity at room temperature and a pH range of 2--6 \[[@CIT0012]\]. Polylysine, a natural AMP isolated from *Streptomyces albulus* 346, is commercially being produced for food applications \[[@CIT0013]\]. In dentistry, nisin and polylysine were found to be synergistic to inhibit *Streptococcus mutans in vitro* \[[@CIT0014]\]. Mammalian AMPs are generally expressed and induced in epithelial surfaces to repel assault by bacteria, viruses, fungi, and parasites \[[@CIT0011],[@CIT0015]\]. These AMPs molecules exhibit multiple mechanisms of action for the resistance in bacteria. Natural AMPs have been recently used as templates for the design of synthetic peptide libraries \[[@CIT0016]\].

Synthetic antibiofilm peptides {#S0002-S2002}
------------------------------

Modification on the natural peptide templates in terms of biological function and size have been applied in recent years, aiming to optimize their antibiofilm function. Various physiochemical modifications were applied to the naturally occurring peptides to overcome their limitations, including high production cost, degradation by the host, and difficulty in understanding the structure--function relationship \[[@CIT0017]\].

Strategies to enhance antibiofilm properties such as deletion, substitution of amino acids, and cyclization were commonly used. A recent study showed the removal of four N-terminal amino acids displayed bactericidal effects for a frog-secreted antibacterial peptide B1CTcu5 \[[@CIT0018]\]. Another investigation showed the substitution of fatty acids for amino acids in a dermaseptin S4 peptide may be useful for controlling pathogens associated with oral diseases \[[@CIT0019]\].

Other effective strategies such as the incorporation of retro-inverso peptides and D-enantiomer amino acids showed potent antibiofilm effects. Specific D-enantiomeric peptides (DJK-5 and 6) were shown to inhibit *Pseudomonas aeruginosa* biofilm development strongly and to eradicate preformed biofilms of several other wild-type and antibiotic-resistant Gram-negative pathogens \[[@CIT0020]\]. Moreover, AMPs containing D-enantiomeric amino acids (D-LAK peptides) were reported to be effective against clinical strains of *Mycobacterium tuberculosis* both *in vitro* and *ex vivo* \[[@CIT0021]\].

Sequence truncations is another approach to reduce the length of the AMPs that are expensive to synthesize. Appropriate truncation on different fragments of the original long-length peptide can make the modified peptides more efficient, stable, and safe. It has been reported that truncated fragments of LL-37 exhibited antibiofilm effects on *Burkholderia thailandensis* and *Burkholderia pseudomallei* \[[@CIT0022]\]. Removal of the first 12 N-terminal residues decreased the toxicity of LL-37 peptide toward human peripheral blood monocytes and rabbit erythrocytes without affecting its antifungal activity \[[@CIT0023]\]. A further investigation done by Nagant et al. showed that when truncation was performed on both sides of LL-37 peptides, the antimicrobial effect of the fragments remained significant \[[@CIT0024]\].

Antibiofilm peptides can also be synthesized through the construction of hybrids. The hybrid peptides, which are composed of the N-terminal regions of Cecropin A and melittin, have been known to have improved antibacterial activity, with a broader spectrum without hemolytic activity when compared to their parental peptides \[[@CIT0025]\]. Most of the antibiofilm application of a hybrid peptide has been proven in the field of medicine (against *Acinetobacter baumannii*) \[[@CIT0025]--[@CIT0027]\]. One study reported that a hybrid peptide exerts its antifungal effect on *Candida albicans* by damaging the plasma membrane of the yeast cell \[[@CIT0028]\].

The process of optimizing peptide antimicrobial activity and specificity using large peptide libraries is both tedious and expensive \[[@CIT0029]\]. Computer-aided predictions of the antibiofilm activity of peptides using soft independent modeling and quantitative structure--activity relationship descriptors have demonstrated success in antibiofilm production \[[@CIT0029],[@CIT0030]\]. The synthesis of next-generation peptides can be obtained from the high-throughput screening matrixes with enhanced biological activity compared to the parent peptides \[[@CIT0016]\].

Mechanisms of action {#S0003}
====================

Antibiofilm peptides exert activity against a broad spectrum of microorganisms, including Gram-negative and -positive bacteria, drug-resistant strains, and even fungi \[[@CIT0008],[@CIT0031],[@CIT0032]\]. Generally, most AMPs permeabilize the membrane of the bacterial cells, resulting in either large-scale damage or small defects that dissipate the transmembrane potential, finally leading to cell death \[[@CIT0008],[@CIT0033]\]. More specifically, the mechanisms of action can be explained by pore and nonpore models.

Two theories have been proposed for the pore model: the barrel stave pore model and the toroidal pore model \[[@CIT0033]\]. For the barrel stave pore model \[[@CIT0034]\], AMPs interact with the bacterial cell membrane to form a hydrophilic channel. For the toroidal pore model \[[@CIT0035]\], AMPs affect the curvature of the membrane. A number of models for the nonpore theory have been proposed, including the carpet model \[[@CIT0036]\], the detergent model \[[@CIT0037]\], the molecular shape model \[[@CIT0038]\], and so on. The carpet model is the most-cited model, which demonstrates parallel deposition of AMPs on the cell membrane, causing bilayer destabilization \[[@CIT0036]\]. With all of these theories for explaining the mechanism action of antibiofilm peptides, they imply the need to reach a certain threshold concentration of peptides in the cell membrane prior to disruption. These peptides targeting the cell membrane are suited for the application in surface coating for medical or dental purposes \[[@CIT0039]\].

Although the membrane damage models vary, most of them are linked to each other. Brogden \[[@CIT0040]\] pointed out that the mechanisms of membrane damage by peptides do not appear independently but are correlated and appear gradually. Factors that are closely associated with the effectiveness and specificity of the peptide include the size, the sequence of the amino acid, conformation and structure, hydrophobicity, and amphipathicity \[[@CIT0002]\].

Besides all the models mentioned above, some exceptional peptides act on the antibiofilm function in an alternative way. These peptides can inhibit bacterial cell-wall formation, breaking down DNA or RNA in the cell plasma, causing protein defragmentation or degradation intracellularly, inducing autolysin effect, and inhibiting enzyme activity \[[@CIT0031]\].

Besides the direct antimicrobial activity, antibiofilm peptides can also exhibit further characteristics such as the mineralization effect and the anti-resorptive effect, which may play a role in the complex oral microbial environment under peptide treatment. Kraus et al. \[[@CIT0041]\] found that human β-defensins (HBDs) can affect maturation and proliferation of osteoblast-like cells. The differentiation of osteoblast-like cells was promoted by HBD-2 and HBD-3 with increased transcript levels of osteogenic markers, upregulated ALP enzyme activity, and enhanced mineralized nodule formation. Another strategy through the mineralization approach is to develop self-assembled peptide nanofibers. Sone and Stupp \[[@CIT0042]\] developed histidine-rich peptide-amphiphile fibers to induce biomineralization of magnetosome to replicate the level of control achieved by magnetotactic bacteria. Wang et al. \[[@CIT0043]\] applied silver mineralization on peptide scaffolds to extend antibacterial activity against both Gram-positive and -negative bacteria.

Some AMPs secreted by host cells play a pivotal role in oral wound healing by inhibiting osteoclastogenesis \[[@CIT0044]\]. Peptides in the cathelicidin family are typical osteoblast-derived protectors in infection-induced osteoclastic bone resorption \[[@CIT0045]\]. Cathelicidin-related peptide (e.g. LL-37) can prevent alveolar bone destruction in periodontitis by inhibiting calcineurin activity and nuclear translocation of T-cells \[[@CIT0044]\]. Moreover, a newly developed peptide (microglial healing peptide) was reported to be able to inhibit RANKL-induced osteoclast differentiation \[[@CIT0046]\].

Antibiofilm peptide applications in cariology {#S0004}
=============================================

Dental caries is a multifactorial disease that remains a prevalent global health concern. Although treatment on dental caries has improved in the last few decades, caries still represents one of the most severe global health burdens \[[@CIT0047]\]. The onset of caries is a result of a shift in the dental plaque microflora toward dominance by acidogenic and aciduric organisms \[[@CIT0048]\]. Even though treatments such as the use of topical antibacterial agents and exposure to fluoride have been applied and have reduced the prevalence of caries over the past few decades, the consequence of dental caries continues to grow \[[@CIT0011]\]. New treatments should attempt to target the causative bacteria with minimum side effects. Many recent studies have indicated great potential for using antibiofilm peptides in the oral cavity, as they do not produce staining or irritation and can be odorless, colorless, and tasteless \[[@CIT0011],[@CIT0049],[@CIT0050]\].

Minimum inhibitory concentration (MIC), scanning electron microscopy (SEM), and live/dead viability staining followed by confocal scanning are the major approaches for the evaluation of the antibiofilm activities in dental research \[[@CIT0051]--[@CIT0053]\].

Peptides against single-species biofilm {#S0004-S2001}
---------------------------------------

The majority of studies on the peptides application in cariology have focused on single-species biofilms, as they are easier to obtain, isolate, and culture than multi-species biofilms are. In the caries process, *S. mutans* and *Streptococcus sobrinus* deserve particular attention. Although they are not the original colonizers of cariogenic biofilm, *S. mutans* and *S. sobrinus* are regarded as the main actors responsible for tooth demineralization due to their ability to produce acid \[[@CIT0017]\].

Among the synthetic peptides, the α-helical synthetic peptide has immense potential, as its antibiofilm activity on dental caries--related strains has been widely reported. KSL (KKVVFKVKFK) is a typical α-helical peptide with broad range of antibacterial activity. KSL acts by targeting the bacterial membrane through electrostatic interactions and causing destabilization in a dose-dependent manner \[[@CIT0054]\].

Previous studies have used KSL to test its antibiofilm activity on 13 types of oral bacteria strains, including *S. mutans, S. sobrinus*, and *Streptococcus sanguinis* \[[@CIT0055],[@CIT0056]\]. A MIC test on KSL for the majority of oral bacteria tested *in vitro* ranged from 3 to 100 μg/mL. Minimal bactericidal concentrations of KSL were within one to two dilutions of the MICs. KSL at 6.25 μg/mL exhibited a 3-log reduction in viable count in selected strains of *Lactobacillus salivarius, S. mutans, Streptococcus gordonii*, and *Actinobacillus actinomycetemcomitans* \[[@CIT0055]\]. However, KSL can be degraded by human saliva and gastric fluid in minutes \[[@CIT0057]\]. A modified KSL (KSL-W) has been developed by replacing Lys^6^ with Trp at the Lys^6^-Val^7^ cleavage site \[[@CIT0058]\], which improved the stability in saliva while maintaining the antibiofilm activity. Recently, more α-helical synthetic peptides have been developed with stable activity in saliva. Tu et al. \[[@CIT0053]\] showed α-helical synthetic peptide GH12 (GLLWHLLHHLLH-NH2) had rapid and strong antimicrobial activity against oral streptococci, especially for *S. mutans, S. sobrinus*, and *S. salivarius in vitro*, with MICs ranging from 6.7 to 32.0 μg/mL \[[@CIT0053]\].

Besides α-helical synthetic peptides, a variety of synthetic peptides have been developed from different resources. Peptide Lys-a1 was isolated from frog species *Hypsiboas albopunctatus*. A recent study showed that Lys-a1 exhibited a remarkable antimicrobial effect by inhibiting planktonic and biofilm growth of different strains of oral streptococci \[[@CIT0052]\]. L-K6 peptide was isolated from the skin secretions of *Rana chensinesis*. A study using confocal laser scanning microscopy demonstrated L-K6 significantly reduced cell viability within *S. mutans* biofilms \[[@CIT0059]\]. The mechanism of the antibiofilm activity is associated with the inhibition of the bioactivity of lipopolysaccharide (LPS) and neutralization of LPS-induced proinflammatory responses \[[@CIT0059]\]. Chrysophsin-1 is a cationic AMP having broad-spectrum bactericidal activity against both Gram-positive and -negative bacteria. An earlier study used confocal scanning laser microscopy to show that Chrysophsin-1 had a significantly lethal effect on *S. mutans* biofilm \[[@CIT0051]\]. Cytotoxicity study showed Chrysophsin-1 had little toxicity on human gingival fibroblast at concentrations between 8 and 32 μg/mL \[[@CIT0051]\].

Other than killing the biofilm bacteria, inhibition on the biofilm growth is another, more preventive approach for biofilm control in the oral cavity. A broad-spectrum peptide, Lacticin 3147, has been reported to be effective against *S. mutans* by substantially attenuating its biofilm formation ability \[[@CIT0060]\]. GL13K, a peptide developed from human salivary protein BPIFA2, prevented formation and growth of *S. gordonii* biofilms in a drip-flow bioreactor and under regular mild-agitation conditions \[[@CIT0061]\]. SspB peptides have been found to bind significantly with salivary components and inhibit the binding of *S. mutans* and *S. gordonii* to saliva-coated hydroxyapatite disks \[[@CIT0062]\]. Ding et al. \[[@CIT0063]\] generated *S. mutans* biofilm in a BioFlux system under a controlled flow, and the results showed the peptide used in the study (Bac8c) remarkably reduced the viability of cells in biofilms.

Among all the antibiofilm studies in dentistry using peptide treatment, *S. mutans* is the most frequently used species for the evaluation of antibiofilm property, as it is the key etiological agent of dental caries \[[@CIT0050],[@CIT0064]\]. The susceptibility of *S. mutans* to AMPs has been reported to be regulated by *dltC* gene expression in biofilm cells \[[@CIT0065]\].

Besides broad-spectrum peptides, another prevailing trend is the rational design of novel fusion peptides to achieve narrow-spectrum activity against specific pathogens \[[@CIT0011]\]. Specifically targeted AMPs (STAMPs) have been designed with specificity by exploiting species-specific competence-stimulating peptide (CSP) domains. CSP and a two-component signal transduction system (ComDE) are involved in the quorum sensing system of *S. mutans* \[[@CIT0050]\]. Qi et al. \[[@CIT0066]\] found that the addition of exogenous CSP beyond the levels necessary for competence inhibited the growth of *S. mutans* in a ComDE-dependent manner. However, competition and coexistence exist in multiple species \[[@CIT0067]\]. Tamura et al. \[[@CIT0068]\] suggested that the regulation of CSP in *S. mutans* and CSP inactivation by *S. salivarius* are important for cell-to-cell communication between biofilm bacteria and oral streptococci. Four STAMPs (C16G2, M8G2, C16--33, and M8--33) have been reported to have two- to threefold lower MIC ranges against *S. mutans* (2.5--15 μg/mL) in planktonic culture than *S. sobrinus* and *S. sanguinis* have \[[@CIT0069]\].

In addition, as an alternative to AMPs, the novel mimetic meta-phenylene ethynylene (mPE) was constructed to retain the amphiphilic structure and physiochemical characteristics of magainins \[[@CIT0049]\]. Earlier study showed that mPE demonstrates rapid bactericidal activity against *S. mutans* by inhibiting LPS bioactivity and binding bacterial DNA at equimolar ratios \[[@CIT0049]\].

Against multi-species biofilm {#S0004-S2002}
-----------------------------

Dental plaque is considered an oral biofilm with a complex bacterial community structure. Bacteria in dental caries originate from tooth surface plaque \[[@CIT0070]\]. The structural and functional architecture of the biofilm influence the metabolic processes and reduce the susceptibility to antimicrobial agents \[[@CIT0003]\]. Antibiofilm peptides have also been applied on multi-species oral biofilms. Helmerhorst et al. \[[@CIT0071]\] showed a series of histatin-derived peptide analogs were able to cause a significant reduction of viable counts for multi-species biofilm from saliva and plaque. Leung et al. \[[@CIT0001]\] tested the effect of KSL on the development of oral multi-species biofilms isolated from human saliva using a dual-flow cell system. The colony-forming units (CFU) and confocal microscopy results showed KSL effectively blocked biofilm growth in a 45 h culturing period with 1.05 log units reduction and significantly reduced the viability of biofilm cells \[[@CIT0001]\]. Moreover, the modified KSL (KSL-W) decapeptide showed excellent inhibition effect on multi-species oral biofilm isolated from saliva \[[@CIT0072]\]. A more recent study investigated the ability of a cationic anti-biofilm peptide 1018 to induce killing of bacterial cells present within oral multi-species plaque biofilms \[[@CIT0073]\]. The results showed that peptide 1018 was able to prevent biofilm formation significantly over 3 days, and the activity of the peptide on preformed biofilms was found to be concentration dependent.

In addition, an earlier study showed that the administration of STAMPs during the early development of multi-species biofilms inhibits *S. mutans* colonization and preferentially favors establishment of *S. sanguinis* as the dominant inhabitant \[[@CIT0069]\]. STAMPs also demonstrated selective killing against *S. mutans* in mixed-culture biofilms \[[@CIT0069]\].

Antibiofilm peptides application in endodontics {#S0005}
===============================================

The role of biofilm in the initiation and perpetuation of endodontic disease has been well established \[[@CIT0074]\]. Free-floating microorganisms in the root-canal space can attach to each other and grow into biofilm as a microbial community \[[@CIT0075]\]. The maturity of the biofilm is known to influence its resistance to being killed by antibiofilm agents \[[@CIT0076]\]. Bacteria in mature biofilm can resist the action of irrigants and are remarkably difficult to eradicate \[[@CIT0077]\]. As different antibiofilm peptides have been developed and applied in many other medical and dental-related aspects \[[@CIT0010],[@CIT0054]\], endodontics should also be recognized as a potential area for antibiofilm peptide application.

Biofilms grown in an open-culture model {#S0005-S2001}
---------------------------------------

Most endodontic biofilms grow on the dentin walls in the root-canal system. To simulate such biofilm infection, different *in vitro* models have been developed. Biofilms can be formed on the bottom of the 96-well plates, according to previous studies \[[@CIT0078],[@CIT0079]\], or on collagen-coated hydroxyapatite disks ([Figure 1](#F0001){ref-type="fig"}) \[[@CIT0005],[@CIT0080]\], both of which allow direct access by disinfecting agents.Figure 1.Scanning electron microscope (SEM) image of mature plaque biofilm grown on collagen-coated hydroxyapatite disks.

*Enterococcus faecalis* is a commonly isolated species that may play a role in persistent endodontic infections \[[@CIT0081]\]. The development of these infections may be caused by *E. faecalis* having inherent antimicrobial resistance and the ability to adapt to harsh environmental changes \[[@CIT0082]\]. Irrigation solution such as chlorhexidine has been widely used as an intra-canal medicament in endodontics ([Figure 2](#F0002){ref-type="fig"}). However, the penetration and killing effectiveness of different endodontic antimicrobial agents seem to be less than optimal in clinical reality \[[@CIT0083]\]. Therefore, alternative intra-canal medicaments should be explored to maximize the eradication and biofilm disruption of therapy-resistant flora \[[@CIT0084]\]. Several studies so far have used antibiofilm peptides to evaluate their efficacy against microbes often found in endodontic infections. Liu et al. \[[@CIT0084]\] tested the antimicrobial efficacy of a casein peptide against *E. faecalis* in both planktonic and biofilm cultures. Both the glycosylated and non-glycosylated forms of the kappa-casein peptide significantly inhibited planktonic growth of *E. faecalis*. The glycosylated form of the kappa-casein peptide effectively inhibited *E. faecalis* in biofilm formation and may therefore have the potential to promote the efficacy of traditional antiseptic agents \[[@CIT0084]\]. Another study tested the antibiofilm activity of four synthetic lipopeptides on a 3-day old *E. faecalis* biofilm. Confocal microscopy and MIC results showed that the lipopeptide formulated in the biohybrid polymer medium had some antibiofilm effect against *E. faecalis* \[[@CIT0085]\].Figure 2.SEM image of plaque biofilm treated by chlorhexidine. Debris from the killed cells has accumulated to the biofilm surface (arrow).

A relatively new peptide 1018 effectively inhibited oral multi-species plaque biofilm growth both in the presence and absence of saliva, which indicates that the peptide was resistant to inhibition or breakdown by salivary factors \[[@CIT0073]\]. Moreover, the combined treatment using low-concentration peptide 1018 (10 μg/mL) and 2% chlorhexidine increased the antibiofilm activity compared to the effect when these were used alone, resulting in \>50% killing of the biofilm bacteria \[[@CIT0073]\] ([Figure 3](#F0003){ref-type="fig"}). A recent study that compared the antibiofilm efficacy between a novel D-enatiometic peptide (DJK-5) with peptide 1018 on single- and multi-species oral biofilms and DJK-5 showed that the latter was more effective in biofilm inhibition than peptide 1018 was \[[@CIT0086]\]. Lee et al. \[[@CIT0087]\] evaluated antibiofilm efficacy of HBD3 peptide against mixed species biofilms by four different species (*Actinomyces naeslundii*, *L. salivarius*, *S. mutans*, and *E*. *faecalis*); HBD3 showed higher bactericidal activity on 3-week-old biofilm than calcium hydroxide and 2% chlorhexidine solution did.Figure 3.Confocal image (viability staining) of plaque biofilm treated with a combination of chlorhexidine and an antimicrobial peptide. Red areas indicate killed microbes, and green areas indicate viable microbes.

Dentin biofilm model {#S0005-S2002}
--------------------

The inhibition of the antibacterial activity of disinfecting agents, for example by various charged molecules and compounds in the chemical environment of the root canal, contributes to the difficulty of eliminating the biofilm bacteria \[[@CIT0088]\]. Previous studies have shown that dentin has an inhibitory effect on the antibacterial effectiveness of many endodontic disinfectants \[[@CIT0089],[@CIT0090]\]. Therefore, the survival of the bacteria could also be attributed to their invasion into the dentinal tubules where they can be protected from endodontic medicaments \[[@CIT0091]\].

Different dentin infection models have been developed for the evaluation of dentin disinfection in endodontics \[[@CIT0088],[@CIT0092]\]. A recent study used the culturing method to prepare standardized dentin blocks to assess the antibiofilm efficacy of HBD3 against 3-week-old *E. faecalis* biofilms \[[@CIT0084]\]. The peptide showed significantly higher antimicrobial efficacy than calcium hydroxide and chlorhexidine gel did. *E. faecalis* biofilm growth was significantly inhibited by HBD3 \[[@CIT0084]\].

Antibiofilm peptide applications in periodontics {#S0006}
================================================

Periodontal disease is an inflammatory disease initiated by the formation of multi-species biofilms on teeth, implants, and gingival tissues \[[@CIT0093]\]. Biofilm bacteria and their toxins cause a variety of inflammatory and immune processes that may result in the destruction of gingival tissues, attachment loss, periodontal pocket formation, peri-implantitis, and loss of osseointegration \[[@CIT0093],[@CIT0094]\].

Treatment of periodontitis with antibiotics has had mixed success and does not appear to be effective in the absence of mechanical debridement \[[@CIT0095]\]. Antibiofilm peptides have unique properties that may make them suitable for the prevention or elimination of oral biofilms. Many AMPs exist in human saliva and gingival crevicular fluid in low concentrations \[[@CIT0096]\]. They co-evolve with oral bacteria and do not appear to prevent biofilm formation on their own. However, these peptides may prove to have effective antibiofilm properties when using higher doses, when modifying the original peptide sequence, or when being used as an adjunct to other medications \[[@CIT0095]\].

Biofilm inhibition on implant surfaces {#S0006-S2001}
--------------------------------------

Accumulation of microbial plaque surrounding dental implants may develop into peri-implantitis with bone loss. A previous study indicated that bacteria from periodontal origin can attach to the titanium implant surface \[[@CIT0097]\], which demonstrated the importance of maintaining biofilm-free implant surfaces on both supra- and subgingival portions. One candidate for the prevention of peri-implantitis is the loading of antibiofilm peptides onto the titanium (Ti) implant surface.

Calcium-phosphate coatings, vertically aligned titanium nanotubes, collagen gels, chitosan coatings, and fibrin scaffolds have all been proposed as an antibiofilm peptide delivery system for implants \[[@CIT0098]--[@CIT0100]\]. Each approach can result in antimicrobial activity. Yoshinari et al. \[[@CIT0101]\] used a quartz crystal microbalance technique (QCM-D) to bind conjugated molecules consisting of antimicrobial and hexapeptidic Ti-binding peptides (min-TBP) onto Ti surfaces. Results showed that the adenosine triphosphate (ATP) activity of *Porphyromonas gingivalis* was significantly reduced in the peptide-modified surfaces compared to that in the Ti control. Another more recent study confirmed the antibiofilm activity of min-TBP on other types of biofilm formation (*S*. *gordonii*, *Streptococcus sanguis*, *S. mutans*, *Staphylococcus epidermidis*, and so on) on Ti implants \[[@CIT0102]--[@CIT0104]\].

One limitation of the traditional peptide-binding techniques is that the peptide exposure time is not enough to promote the soft-tissue healing and osseointegration. An improvement of the exposure time is the appearance of layer-by-layer assembly (LBL) technique \[[@CIT0105]\]. Shi et al. \[[@CIT0106]\] used LBL technique on a pure Ti surface as a delivery system and showed the coating with controlled release of multilayer antibiofilm peptides decreased the growth of both Gram-positive (*Staphylococcus aureus*) and -negative (*P*. *gingivalis*) anaerobes for up to 1 month. This technique has also proven to be a biocompatible approach, showing no cytotoxicity to osteoblast-like cells (MG-63) and with very low red blood cell lysis observed on the implant surface \[[@CIT0100]\].

Besides the LBL techniques, covalent anchoring of biomolecules to the implant surfaces is another feasible approach to create antibacterial passive coatings successfully and has been shown to inhibit bacterial adhesion and growth significantly \[[@CIT0107]--[@CIT0109]\]. A group of studies anchored human lactoferrin-derived peptide hLf1-11 to titanium surfaces. An outstanding reduction in the adhesion and early stages of biofilm formation of single- (*S*. *sanguinis* and *L*. *salivarius*) and multi-species (plaque) biofilm was observed on the biofunctionalized peptide-coated Ti surfaces compared to non-treated control samples \[[@CIT0094],[@CIT0110],[@CIT0111]\]. Moreover, hLf1-11 peptide did not affect human fibroblast viability \[[@CIT0111]\].

Antibiofilm effects on periodontal pathogens {#S0006-S2002}
--------------------------------------------

Biofilms in the periodontal pocket are highly resistant to antibiotic treatment, and drug-resistant bacterial strains have emerged due to the abuse of antibiotics \[[@CIT0112]\]. Thus, the development of alternative treatment options such as the application of antibiofilm peptides is important in the effort to remove periodontal pathogens from tooth and implant surfaces \[[@CIT0113]\].

It has been reported that specific natural peptides have been recognized as biomarkers for early detection of periodontitis \[[@CIT0114]\]. Lappin et al. \[[@CIT0115]\] reported that a natural peptide served as a systemic indicator of the inflammatory process and disease severity in subjects with periodontitis. Previous studies have also investigated the antibiofilm activity of synthetic peptides against major pathogenic bacteria strains involved in the periodontal plaque biofilm formation. Wang et al. \[[@CIT0116]\] found that a synthetic cationic AMP Nal-P-113 can inhibit periodontal bacteria and biofilm (*S*. *gordonii*, *Fusobacterium nucleatum*, and *P*. *gingivalis*) probably by forming pores within the cytoplasmic membranes and further killing the bacteria. Another study showed a synthetic peptide (BAR) could also influence interactions between bacterial strains \[[@CIT0117]\]. The BAR peptide inhibited *P. gingivalis* adherence to *S. gordonii*. However, it could be degraded by *P. gingivalis* proteases. Limiting its susceptibility to proteolytic degradation became important to maintain the antibiofilm activity of the peptide.

A more recent study followed *P. gingivalis* infection in mice and examined the efficacy of vaccination by recombinant and native RgpA peptide in modulating the early local anti-inflammatory and immune responses and periodontal bone loss \[[@CIT0118]\]. Results showed that vaccination with recombinant RgpA peptide protected the mice against *P. gingivalis*--induced bone loss.

Antifungal effects {#S0007}
==================

Oral infections caused by fungi represent an increasing problem in human oral health. HDPs are strong therapeutic candidates as antifungals \[[@CIT0119]\]. However, they are expensive to produce and are often sensitive to protease digestion. Therefore, inexpensive nonpeptidic oligomers and compounds that mimic HDPs in both structure and activity have been developed for the treatment of oral candidiasis \[[@CIT0120]\]. In a study by Ryan et al. \[[@CIT0120]\], the total *Candida* burdens in tongues of infected mouse were reduced up to 3 logs after single-dose administrations of HDP mimetics.

Histatins are predominantly antifungal both *in vitro* and *in vivo* and comprise of three pairs of bands (His-1, His-3, and His-5) \[[@CIT0007],[@CIT0121]--[@CIT0123]\]. The antifungal mechanism of histatins occurs in a series of sequence: bonding to bacterial membrane, penetrating the membrane, inhibiting mitochondrial respiration, entering the cell by mobilization of ions, and causing cell death \[[@CIT0124]\]. A particular promising antibiofilm peptide, histatin 5 12-mer P113 (Demegen), has been used in a mouth rinse for oral candidiasis in patients with human immunodeficiency virus \[6,[@CIT0093]\].

Since the common cause of biofilm in dental prosthesis is by colonization of *Candida* spp., previous studies used denture acrylic as substance for biofilm growth to simulate the clinical reality \[[@CIT0125],[@CIT0126]\]. His-5 showed similar limiting effect on 3-day biofilm in comparison with chlorhexidine \[[@CIT0126]\]. Other synthetic peptides such as HBD3 also demonstrated antifungal activity by killing *C. albicans* and inhibiting biofilm formation \[[@CIT0127]\].

Challenges of antibiofilm peptides in clinical application {#S0008}
==========================================================

Despite all the advantages that the antibiofilm peptides demonstrate, there are also limitations existing in their therapeutic utility \[[@CIT0033]\]. In the presence of biological fluids such as plasma, serum, or saliva, the antibiofilm activity of the peptides can be significantly reduced compared to their performance in non-physiological conditions \[[@CIT0002]\]. Moreover, antibiofilm peptides are difficult and expensive to manufacture in large quantities \[[@CIT0049]\], mainly due to the complex processes needed for their extraction, isolation, and purification. It is also difficult to use the antibiofilm peptides by the parenteral route, as it is excreted quickly through the kidney \[[@CIT0128]\]. In addition, some antibiofilm peptides display toxicity to the host cells and may induce unwanted pro-inflammatory responses \[[@CIT0129]\].

Conclusion {#S0009}
==========

Antibiofilm peptides have been found to be active against the oral biofilms associated with caries and endodontic, periodontal, and fungal diseases. However, efforts are still needed to focus on exploring more novel peptides that are easier to produce and which may overcome some of the limitations of the current peptides.
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